Large electromagnetic fluctuations inside the current sheet and large reconnection electric fields are observed during fast magnetic reconnection in the presence of a guide field. The fluctuations transport 2.5% of the dissipated magnetic energy from the reconnection region. Although the energy gains of the ions and electrons are approximately 60% and 12%, respectively, of the dissipated magnetic energy after the fast reconnection, the energy of fluctuations is not comparable to their energy gains. The fluctuations do not directly contribute to the energy conversion but might cause the fast reconnection leading to the rapid release of magnetic energy. Magnetic reconnection is a fundamental phenomenon that occurs in all magnetized plasmas: solar flare, magnetosphere, and laboratory plasmas [1,2]. The energy release rate, for example, in solar flares, is much higher than that estimated by the Sweet-Parker model [3, 4] with the Spitzer resistivity [5, 6] . Fast reconnection involves the release of a huge amount of magnetic energy leading to particle acceleration and heating.
Magnetic reconnection is a fundamental phenomenon that occurs in all magnetized plasmas: solar flare, magnetosphere, and laboratory plasmas [1, 2] . The energy release rate, for example, in solar flares, is much higher than that estimated by the Sweet-Parker model [3, 4] with the Spitzer resistivity [5, 6] . Fast reconnection involves the release of a huge amount of magnetic energy leading to particle acceleration and heating.
Various electromagnetic fluctuations, such as waves and instabilities, have been considered to play a key role in the rapid energy release processes [7] [8] [9] . In the magnetosphere and solar plasmas, the electromagnetic and electrostatic fluctuations, which are Alfvénic waves at small scales, are often observed during magnetic reconnection [9] . These waves may be important in coronal heating and the acceleration of solar wind [10] . In this paper, we report the experimental study of the energy conversion including electromagnetic fluctuations during guide field magnetic reconnection.
The magnetic reconnection experiment was conducted on the TS-3 plasma merging device at the University of Tokyo [11] [12] [13] [14] . The vacuum vessel is cylindrical and its inner radius is 375 mm. The axial length of the vacuum chamber is approximately 1.0 m. Figure 1 shows a poloidal cross-section of TS-3. The EF coils are used to control the radial location of the current sheet and to confine plasma away from the inside walls by balancing the radial hoop force. The PF coils inside the TS-3 are wound toroidally to generate the two spherical tori by the swing of PF coil currents. The two torus plasmas come close to each other and collide, and then magnetic reconnection occurs at the midplane (center of the TS-3 on the axial direction: Z = 0 mm). During magnetic reconnection, the external toroidal field (B θ ) generated by the axial current (I Z ) acts a guide field B guide . Hydrogen plasmas were employed in this experiment. Typical plasma parameters during plasma merging via magnetic reconnection with guide fields in TS-3 are as follows: major radius is R 0 ∼ 190 mm, minor radius is a ∼ 150 mm, the strength of the reconnection magnetic field B rec is 25 mT and the applied guide field B guide is 60 mT, resulting in the guide field ratio of B guide /B rec ∼ 2.5. The typical electron temperature T e and density n e measured by a Langmuir probe are 3 -10 eV and 0.2 -2 ×10 20 m −3 , respectively. The ion temperature T i deduced from a neutral line (H β : 486.135 nm) spectrum measured using the IDSP (ion dynamics spectroscopy probe [15] ) is 3 -35 eV. Note that this emission line is reasonable for the ion Doppler spectroscopy in this experiment because the collision time 
between H
+ and H is much shorter than the reconnection time scale [16] . The ion flow velocity measured by a Mach probe is −30 -40 km/s. The current sheet width (δ ∼ 20 -40 mm) and length (L ∼ 60 -80 mm) are larger than the ion gyroradius (ρ i ∼ 5 -10 mm), electron gyroradius (ρ e < 1 mm), and electron skin depth (d e < 1 mm), and are comparable to the ion skin depth (d i ∼ 20 -40 mm). Figure 2 shows the poloidal flux Ψ and the current density j θ measured by a 2-D magnetic probe array [11, 12] during guide field magnetic reconnection. Inflow comes from the left and right sides of the reconnection region, and outflow ejects to the top and bottom of the region. Two linear arrays of high-frequency pickup coils are used to measure the electromagnetic fluctuations as shown in Our previous study [13] reports that the fluctuations have the feature of kinetic Alfvén wave (KAW): the peak frequency is 1.5 -2 MHz ∼ 1.5 − 2 f ci , where f ci is the local ion cyclotron frequency at the X-point, the parallel (θ-direction) and perpendicular (R-direction) phase velocities are approximately 92 ± 5 and 50 ± 10 km/s, respectively. In this paper, we will focus on the role of fluctuations as the energy carrier from the reconnection region to the downstream region. It is commonly known that magnetic energy is converted to the kinetic/thermal energy through magnetic reconnection [17, 18] . To interpret the energy conversion processes during magnetic reconnection, incoming/outgoing energy flux into/from the reconnection region during reconnection are evaluated quantitatively. Figure 4 shows the time evolution of the reconnection electric field E θ at the X-point and the Poynting flux into/out-of the reconnection region, where Fig. 3 . In this phase, we focus on the ion's energy gain because the highest ion temperatures are measured [see Fig. 5 ]. Because the durations when the fluctuations generate are 1 -2 µs as shown in Fig. 3 , the time averaged period of 1 µs for their phases is proper to estimate the energy focused on the fluctuations. Figure 5 shows the radial profiles on the mid-plane (Z = 0 mm) in the direction of the reconnection outflow of the show the radial profiles of the electron temperature and the electron density, respectively. Unlike the ion temperature, no clear sign of electron heating is observed in this experiment. Regarding the electron density in phase 2, however, a significant increase caused by the outflow plasmas is observed in the downstream region.
To investigate the energy flow process, the following equations are used to evaluate the inflow/outflow energy fluxes to/from the reconnection region based on the electric field E, magnetic field B, and flow velocity V: 
where P mag is the Poynting flux, K is the kinetic energy flux, H is the thermal energy flux, and P wave is the wave (fluctuation) energy flux. The incoming wave energy flux is not considered because no significant fluctuation is observed in the inflow region. Note that electrostatic fluctuations E θ are measured by a double Langmuir probe at R =160 mm where the largest electromagnetic fluctuations were measured (not shown). Figure 6 shows the definition of the inflow and outflow regions employed to calculate incoming and outgoing energy fluxes through the diffusion region. Under the assumption that the radial profiles of the incoming flux and axial profiles of the outgoing flux are uniform at the inlet/outlet locations of the diffusion region, the energy flows per unit time W can be calculated by the following equations:
Integration areas S for incoming and outgoing are defined as
2 ) and S out = 2πR out δ, respectively. Here, the sheet length L = R 1 − R 2 = 60 mm, the sheet width δ ∼ 30 mm, and R out = 160 mm is the radial location of outflow boundary as shown in Fig. 6 . The assumptions at the inflow/outflow boundary of T i , V i , T e , and n e are generally proper for this energy inventory because their measured parameters are spatially averaged in 30 mm due to the spatial resolutions of the measurements. Table 1 shows the energy investigation in phase 1 (fast reconnection phase). Note that the electron kinetic energy W kin,e is negligible because the electron mass is much smaller than the ion mass in this experiment. The plasma quantities at the inflow region are measured at Z = 15 mm and R = 190 mm. As shown in Table 1 , the wave energy per unit time W wave is approximately 0.05 MW, which is approximately 1.5% of the incoming magnetic energy per unit time W mag,in (3.0 MW). The dissipated magnetic energy per unit time ΔW mag = W mag,in − W mag,out is evaluated to be 2.2 MW. Therefore, 2.5% of the dissipated magnetic energy is converted into the wave energy. Ions and electrons still do not gain energy significantly. This result indicates that waves do not contribute to ion and electron heating in the downstream region. The total dissipated energy (ΔW total ∼ 2.22 MW) generally corresponds to the energy accumulation (ηJ 2 θ ∼ 2.0 MW) inside the diffusion region. In phase 2 (the latter phase of reconnection), ion and electron gain energy eventually as shown in Table 2 . In particular, the thermal energy gain of ions (ΔW the,i = 0.5 MW) is five times larger than that of the electrons The contribution of the kinetic energy is not dominant for the ion heating at this region. In summary, the mechanisms of the energy conversion, with focus on the electromagnetic fluctuations during guide field magnetic reconnection (B guide /B rec ∼ 2.5), have been investigated experimentally in the TS-3 plasma merging device. Electromagnetic fluctuations are observed inside the current sheet and propagate to the downstream region during fast reconnection. The fluctuations might cause fast reconnection because the fast reconnection occurs when the fluctuations are observed. The fluctuations energy that propagated away from the reconnection region is 2.5% of the dissipated magnetic energy during fast reconnection (phase 1). Ions and electrons gain energy in the latter phase of magnetic reconnection (phase 2). In particular, ions significantly gains energy, which is approximately 60% of the dissipated magnetic energy. Electrons gain energy approxiamtely 12 % of the dissipated magnetic energy. However, ion kinetic energy observed during the reconnection phase is not high enough to provide ion heating. Although our estimations are spatially averaged by the assumptions and measurement resolutions in the scale of the diffusion region, it is revealed that wave energy are not comparable to the ion and electron energy gains. The fluctuations do not directly affect the energy conversion processes but enhance the reconnection rate leading to the rapid release of magnetic energy.
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